Estrogens regulate key aspects of sexual determination and differentiation, and exposure to exogenous estrogens can alter ovarian development. Alligators inhabiting Lake Apopka, FL, are historically exposed to estrogenic endocrine disrupting contaminants and are characterized by a suite of reproductive abnormalities, including altered ovarian gene expression and abated transcriptional responses to follicle stimulating hormone. Here, we test the hypothesis that disrupting estrogen signaling during gonadal differentiation results in persistent alterations to ovarian gene expression that mirror alterations observed in alligators from Lake Apopka. Alligator embryos collected from a reference site lacking environmental contamination were exposed to estradiol-17 beta or a nonaromatizable androgen in ovo and raised to the juvenile stage. Changes in basal and gonadotropin-challenged ovarian gene expression were then compared to Apopka juveniles raised under identical conditions. Assessing basal transcription in untreated reference and Apopka animals revealed a consistent pattern of differential expression of key ovarian genes. For each gene where basal expression differed across sites, in ovo estradiol treatment in reference individuals recapitulated patterns observed in Apopka alligators. Among those genes affected by site and estradiol treatment were three aryl hydrocarbon receptor (AHR) isoforms, suggesting that developmental estrogen signaling might program sensitivity to AHR ligands later in life. Treatment with gonadotropins stimulated strong ovarian transcriptional responses; however, the magnitude Hale, 2019, Vol. 100, No. 1 of responses was not strongly affected by steroid hormone treatment. Collectively, these findings demonstrate that precocious estrogen signaling in the developing ovary likely underlies altered transcriptional profiles observed in a natural population exposed to endocrine disrupting contaminants.
Introduction
Endocrine signaling acts to coordinate sexual development during embryogenesis and regulate reproductive function in adulthood. During development in nonmammalian vertebrates, estrogens are of particular importance as a key determinant of sexual fate in the differentiating gonad [1] [2] [3] [4] . However, a critical dependence upon estrogen signals presents a vulnerability to the influence of exogenous endocrine cues, including those in the form of environmental contaminants. Deleterious effects of environmental endocrine disrupting contaminants (EDCs) have been uncovered in a broad suite of wildlife, including thyroid abnormalities [5] [6] [7] , production of intersex individuals [8, 9] , decreased fertility [10] [11] [12] [13] , and general population decline [12, 14, 15] . These early studies pioneered our current understanding of endocrine disruption and ultimately contributed to the "developmental origins of health and disease" hypothesis [16, 17] . In the present study, we seek to build on these initial observations by investigating the effects of exogenous estrogens on ovarian function in an environmental model of endocrine disruption, the American alligator.
Due to the plasticity and environmental sensitivity of their reproductive development, reptiles are disproportionately represented among early studies focused on estrogenic EDCs and development. The alligator population inhabiting Lake Apopka (Orange County, FL) is exposed to organochlorine pesticide (OCP) EDCs and displays a suite of reproductive abnormalities associated with contaminant exposure. Early investigations uncovered disorganized testis morphology and reduced phallus size in juvenile male alligators, as well as an increased incidence of polyovular/multi-oocytic females [18, 19] . Juveniles of both sexes also display altered circulating steroid hormone levels and disrupted gonadal steroidogenesis [18, 20, 21] . More recent analyses have investigated the mechanisms underlying alterations to steroid hormone levels, and have identified corresponding changes in ovarian transcriptional networks of wild-caught juveniles at Lake Apopka [22] . Furthermore, ovarian expression of steroid hormone receptors and CYP19A1; activin and inhibin-related signaling factor, follistatin (FST); and the G-protein coupled receptor, follicle-stimulating hormone receptor (FSHR), all appear affected [23] [24] [25] [26] [27] . These latter observations were made in animals originating from field-collected eggs that were incubated and raised under controlled laboratory settings, providing evidence that persistent ovarian phenotypes observed in exposed individuals likely originate during development.
Collective evidence suggests that the suite of abnormalities observed in exposed alligators are due in part to the action of estrogenic OCPs eliciting abnormal organizational changes in the developing ovary [28, 29] . For example, the increased prevalence of multi-oocytic follicles and other follicular abnormalities observed in alligators at Lake Apopka are similar to those observed in rodent models exposed perinatally to synthetic estrogens or estrogenic contaminants [30] [31] [32] [33] [34] [35] . The history of contamination at Lake Apopka includes long-term pesticide input from agricultural run-off as well as an industrial spill event of dicofol [36] . Dicofol contains both the pesticide DDT and its metabolite, DDE [37, 38] , both of which are detected at high levels in alligator egg yolk [39] . These contaminants, as well as other OCPs detected in alligator egg yolk, interact directly with the estrogen receptor in vitro [40, 41] and skew sex ratios in turtles, both as individual components and in combination [42] . Critically, the most abundant contaminant at Lake Apopka, p, p-DDE, is capable of skewing sex ratios of exposed offspring toward a female bias, consistent with an estrogenic mode of action [42] [43] [44] [45] .
Treatment with exogenous estrogens can override malepromoting temperatures in reptiles with temperature-dependent sex determination [46, 47] , implicating estrogen signaling as an integral downstream effector of temperature. However, the persistent disruptions in gene expression observed at Lake Apopka suggest an additional, more nuanced role for estrogen signaling in the embryonic ovary, wherein the developmental endocrine milieu within a sex contributes to the establishment of gene regulatory networks that remain intact into adulthood. This hypothesis is supported by evidence in rodents investigating persistent effects of perinatal exposure to estrogenic chemicals in the female reproductive tract. For example, neonatal estrogen activation has been linked to persistent transcriptional shifts of growth factors, Wnt signaling components, and steroid hormone receptors in the uterus [48] , vagina [33, 48, 49] , and ovary [35, 50] . Furthermore, epidemiological investigations have uncovered reproductive abnormalities, reduced fertility, and increased cancer risk associated with fetal exposure to diethylstilbestrol, a pharmaceutical estrogen widely prescribed to pregnant women in the 1940s-1970s to prevent miscarriages [51] [52] [53] . However, empirical demonstrations of causality have not yet been thoroughly explored in heterogeneous populations exposed to environmental estrogens or estrogenic contaminants.
We sought to investigate the role of developmental endocrine signaling in mediating persistent changes in ovarian transcriptional networks and subsequent ovarian function observed in natural alligator populations. Gonadal estrogen biosynthesis does not begin until approximately embryonic stage 21 as evidenced by the timing of aromatase (CYP19A1) expression [54, 55] . Therefore, it is possible that developmentally precocious estrogen signaling, due to Figure 1 . Juvenile study sampling locations and experimental design. Embryos used in this study were collected from one of two locations: (A) Lake Woodruff, a reference site with low historical presence of environmental contaminants, and Lake Apopka, a site characterized by long-term input of anthropogenic contaminants owing to its proximity to agriculture and an acute spill event. (B) Embryos from these sites were exposed to one of three treatments at stage 19, prior to gonadal sex determination: estradiol-17β (E2); dihydrotestosterone (DHT), a nonaromatizable androgen; or a vehicle control. Embryos were then allowed to hatch and were raised to approximately five months of age, at which point they were administered either ovine follicle-stimulating hormone (FSH) or a vehicle control once daily for 4 days prior to necropsy.
the presence of maternally deposited estrogenic contaminants, prior to this window might be responsible for the observed abnormalities in alligators from Lake Apopka. We explored this hypothesis by administering estradiol-17β (E 2 ) prior to stage 21 in animals from Lake Woodruff, a reference site, and assessing whether treatment could recapitulate observed changes in gene expression in juvenile alligators naturally exposed to estrogenic OCPs ( Figure 1 ). We also assessed whether ovarian responsiveness to gonadotropins is affected by precocious estrogen signaling by administering folliclestimulating hormone (FSH) to juvenile alligators. This FSH challenge model permits insight into altered reproductive function in a species that would otherwise require 7-12 years to reach sexual maturity, and has been previously used to uncover abated functional responses of CYP19A1, follistatin (FST), and the follicle-stimulating hormone receptor (FSHR) in alligators from Lake Apopka [23, 24] . Lastly, we addressed the possible estrogen receptor isoform-specific mechanisms that might underlie altered transcriptional profiles in contaminant-exposed juvenile alligators.
Using this model, we uncover a subset of ovarian genes for which expression varies across sites conveying different environmental exposures. In each of these instances, patterns of ovarian gene expression observed in alligators from Lake Apopka are recapitulated in E 2 -treated reference animals, suggesting that environmental EDCs at Lake Apopka elicit their effects through precocious activation of estrogen signaling. We further explore the developmental origins of these alterations with dosing experiments that incorporate estrogen receptor isoform-specific agonists, and uncover that suppression of AHR1A and anti-Müllerian hormone (AMH) is mediated through estrogen receptor-α (ESR1) signaling. Our findings indicate a conserved organizational role for developmental estrogen signaling in gene expression patterning in the ovary, and further highlight a means by which environmental EDCs contribute to persistent alterations in ovarian function.
Materials and methods
Juvenile experiment: egg collection, incubation, and dosing All experiments performed as part of these studies conformed to guidelines approved by the Institutional Animal Care and Use Committee at the Medical University of South Carolina. All fieldwork and egg collections were approved and permitted by the Florida Fish and Wildlife Conservation Commission. Juvenile alligators used in this study were collected as eggs shortly after oviposition from Lakes Apopka (Orange County, FL) and Woodruff (Volusia County, FL) on June [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] 2014 . Eggs were collected from 17 clutches (102 eggs total) at Lake Woodruff and 6 clutches (102 eggs total) from Lake Apopka. Eggs were weighed, candled to assess viability, and a representative embryo from each clutch was used to assess developmental stage [56] .
Following transport and staging, eggs were maintained at 32
• C, a temperature that promotes development of both male and female offspring if experienced during the TSP, in damp sphagnum moss until they reached stage 19, as predicted according to Kohno and Guillette [57] . At stage 19, clutches were randomly distributed among treatment groups and dosed by topical application to the egg shell with either 0.5 μg/g egg weight E 2 , 250 μg/g egg weight 5α-dihydrotestosterone (DHT), or vehicle (95% ethanol). Doses of E 2 and DHT administered were selected based on their ability to elicit morphological changes during development; 0.5 μg/g E 2 is sufficient to sex reverse alligator embryos incubated at an exclusive male-promoting temperature (MPT) to produce females [46] , and 250 μg DHT induces follicular abnormalities that are consistent with polycystic ovarian syndrome in rodent models of prenatal exposure [58, 59] . Concentrations of E 2 and DHT applied are much higher than endogenous levels reported in alligator egg yolk (E 2 : 2-20 ng/g; testosterone: 1-3 ng/g [60, 61] [DHT has not been investigated in alligator egg yolk]), and are comparable to levels of the most abundant contaminants reported in yolk at AP (e.g. 5.8 ppm DDE [39] ). Furthermore, levels of endogenous E 2 and testosterone do not differ between sites [60] . Immediately following dosing, eggs were transferred to 30
• C, an exclusive female-promoting temperature (FPT), and maintained through the TSP until hatching. Embryos that failed to complete hatching within 48 h of pipping were manually assisted by opening the egg to minimize hatchling mortality.
Juvenile husbandry, FSH administration, and necropsy
At hatching, neonates were marked for identification by notching of tail scutes and with numbered Monel tags attached to the webbing between the two middle digits on both hind limbs. Animals were housed indoors at Hollings Marine Laboratory (Charleston, SC) in custom fiberglass aquatic tanks that allowed for basking. Hatchlings were maintained on a 12/12 h light/dark cycle. At 2-week intervals, animals were sorted and regrouped in tanks according to size, such that similarly sized animals were housed together. Throughout the grow-out period, tanks were cleaned and water replaced weekly. Animals were fed a commercially available diet for crocodilians (Mazuri Exotic Animal Nutrition, Richmond, IN) according to size class. For approximately 2 months following hatching, all animals were fed daily. Once reaching 2 months of age, the largest animals (>132 g) were fed twice weekly; intermediate animals (93-132 g) were fed three times weekly; and the smallest animals (<92 g) were fed daily. During the experiment, animals that failed to thrive (exhibiting either no growth or negative growth between measurement periods) were observed and excluded from the study. Neither site nor treatment had an effect on failure to thrive as assessed via chi-square test (data not shown).
At the conclusion of the 5-month grow-out period (approximately 151 days; average age = 150.8 ± 1.6 days [SD]), animals ranged in mass from 218 to 510 g; average mass did not differ significantly among treatment groups and sites (data not shown). At 5 months of age, animals were randomly assigned to one of two treatment groups and were administered the first of four daily injections of either 277.8 μU/g recombinant ovine FSH (Sigma-Aldrich F8174) or vehicle (0.8% sterile saline) via intramuscular injection at the base of the tail. All injections were made between 14:00 and 16:00 each day. The dose of FSH used in this study has been previously shown to elicit upregulation of canonical FSH-responsive targets in the gonads of 5-month-old alligators [24] . On the fifth day following the initial FSH injections, animals were administered a lethal dose of pentobarbital (0.1 mg/g animal mass) by injection into the postcranial sinus, followed by decapitation. Gonad-adrenal complexes were necropsied, immediately dissociated into individual component tissues, and transferred to RNAlater. Gonads in RNAlater were rocked overnight at 4
• C and then stored at -80
• C. Final sample sizes of treatment groups are reported in Table 1 .
Estrogen receptor agonists experiment: egg collection, incubation, and dosing
Collection and husbandry of alligator embryos used in this study has been previously described [62] . Briefly, embryos were collected as eggs shortly after oviposition from Lake Woodruff (WO, Volusia County, FL) on June 15-21, 2012, from eight clutches. Eggs were weighed, candled to assess viability, and a representative embryo from each clutch was staged according to Ferguson [56] . Viable eggs were transferred to damp sphagnum moss and maintained at . All compounds were dissolved in 95% ethanol and filtered prior to use. Following dosing, eggs were maintained at FPT throughout the TSP and until reaching stage 27, at which point they were necropsied, and gonadadrenal-mesonephros (GAM) complexes were dissected and fixed in RNAlater (Invitrogen, Carlsbad, CA). Once fixed, GAMs were dissociated into component tissues under a dissecting microscope, and gonads were assessed in isolation. Final sample sizes of treatment groups are reported in Table 2 .
RNA extraction and cDNA synthesis RNA was extracted from juvenile gonadal samples using a modified AGPC (acid guanidinium thiocyanate-phenol-chloroform [63] ) column-purification method. Briefly, approximately 10 mg of gonadal tissue was lysed in 1 mL of a denaturing solution containing water-saturated acidic phenol, 2M guanidinium thiocyanate, 95 mM sodium acetate, 12 mM sodium citrate, 0.24% N-lauroyl sarcosine, and 14.4M beta-mercaptoethanol, using a Retsch ball mill and sterilized stainless steel beads. Phase separation was conducted by adding 0.2 mL of 37% chloroform; RNA was isolated from the aqueous phase following mixing with 100% EtOH and binding to a silicamembrane spin-column (EconoSpin; Epoch Life Science; Fort Bend, TX). Column-bound RNA was treated with DNase (5Prime DNase I, Gaithersburg, MD) prior to elution in ultra-pure DEPC-treated water. Concentrations and purity were assessed using spectrophotometry (Nanodrop ND2000; Thermo Fisher Scientific, Waltham, MA) and banding patterns on an electrophoretic denaturing gel. RNA from juvenile gonadal tissue was diluted to 67 ng/μL and a total of 1.5 μg was used for cDNA synthesis using the recommended protocol from the manufacturer (iScript reverse transcriptase kit; Bio-Rad Laboratories, Hercules, CA). Resulting cDNA was diluted 1:2 in ultrapure water. RNA extractions from embryonic gonadal samples used in this study have been previously described [62] , and were conducted using the same AGPC-column purification method as detailed above. RNA from embryonic gonadal tissue was diluted to 33 ng/μL and cDNA diluted 1:30 in ultrapure water using the same 
Quantitative real-time PCR
Gene expression in both experiments was assessed via absolute quantification, as previously described [55, 64] using a C1000 thermal cycler CFX96 real-time detection system (BioRad). qPCR reactions were conducted with 2 μL of cDNA template and a SYBR green reaction mix containing 0.2 μM primer mix, 50 mM KCl, 20 mM TrisHCl, 0.5% glycerol, 0.5% Tween-20, 4% DMSO, 3 mM MgCl 2 , 20 μM dNTP mix, 0.01 U/μL AmpliTaq Gold (Applied Biosystems, Inc., Foster City, CA), and 0.5X SYBR Green (Life Technologies, Grand Island, NY). A final volume of 50 μL per sample was run in 15 μL triplicate reactions, and target expression values are reported as the average copies/μL for each triplicate, normalized to a sample-matched internal standard. Juvenile expression values were normalized to the geometric mean of internal standard genes, ribosomal protein L8 (RPL8) and eukaryotic translation elongation factor 1 (EEF1). Embryonic expression values were normalized to beta-actin (ACTB). Expression values for all target and internal standard genes were determined using interpolation on a standard curve comprising gene-matched plasmid standards of known concentrations (copies/μL). Primers used were designed to be intron spanning, and primer sequences, annealing temperatures, and amplicon information are reported below in Table 3 . Due to increased technical variation observed at lower template concentrations, different AHR1A primer and plasmid standards were used during transcript quantification in juveniles and embryos (i.e. embryonic cDNA was more dilute and a more robust standard set was developed). Both primer sets target the same region in the putative alligator AHR1A sequence.
Statistical analysis
All data analyses were performed using normalized expression values with GraphPad Prism software (version 7.0b) with α = 0.05. Outlier analysis was conducted on normalized data via the ROUT method (Q coefficient = 1%), and data were transformed via either -1 * log (all genes excluding AMH) or square root (AMH) to achieve normality and homoscedasticity. Comparisons of basal (animals not receiving FSH) gene expression values in juveniles were conducted using unpaired t-tests (two-tailed) to assess site effects, and one-way ANOVA to assess the influence of developmental exposure among treatment groups. Dunnett post hoc tests were used to identify significant differences between vehicle-treated animals from Lake Woodruff and those exposed to either E 2 or DHT. Identification of genes displaying FSH-responsive expression was conducted via unpaired t-tests in control alligators from Lake Woodruff, comparing vehicle-and FSH-treated groups. The effects of developmental exposure on the magnitude of expression induction resulting from FSH administration were assessed using induction ratios of square root-transformed mean FSH-treated and mean-vehicle treated expression. Unpaired t-tests (two-tailed) were used to address site effects on induction ratios, and one-way ANOVAs were used to address the influence of developmental exposure. For each induction ratio, standard error (SE Q ) was calculated as:
, where x denotes group means. Where necessary, nonparametric tests and Welch correction were applied to adjust for lack of normality in all treatment groups and in cases of unequal variances, respectively. All figures reported herein are illustrated using nontransformed data, excluding induction ratios (Figures 3 and 4) , where ratios are the quotient of square-root-transformed FSH and vehicle groups.
Results

Basal expression in juveniles
We first assessed the persistent effects of precocious endocrine cues on ovarian gene expression patterns in animals that were not treated with FSH. Target genes included canonical factors related to ovarian function and FSH signaling, CYP19A1, FST, and FSHR, as well as nuclear hormone receptors estrogen receptor alpha (ESR1), estrogen receptor beta (ESR2), androgen receptor (AR), progesterone receptor (PR), and glucocorticoid receptor (GR). We also investigated the expression of three aryl hydrocarbon receptor isoforms, AHR1A, AHR1B, and AHR2, which have been reported in the alligator but have not been described in the context of crocodilian ovarian function or development [65, 66] , and AMH. As the bulk of known contaminants at Lake Apopka have estrogenic properties, we anticipated that E 2 exposure in alligators originating from Lake Woodruff would recapitulate changes observed in alligators from Lake Apopka. No effects of developmental exposure were detected in basal expression of CYP19A1, FST, or FSHR nor was expression of the nuclear hormone receptors AR, ESR1, PR, or GR affected ( Figure 2 ). In contrast, the expression of AMH (t 8.9 = 3.269, P = 0.009), ESR2 (t 16 = 2.963, P = 0.009), and the aryl hydrocarbon receptors AHR1A (t 16 = 2.784, P = 0.013), AHR1B (t 13 = 5.396, P = 0.0001), and AHR2 (t 15 = 11.68, P < 0.0001) were significantly suppressed in ovaries from alligators originating from Lake Apopka when compared to those from Lake Woodruff (Figure 2 ). Strikingly, for each gene for which a site effect was observed, developmental E 2 exposure of alligator embryos from Lake Woodruff produced similar expression patterns to those observed in Apopka animals ( Figure 2 ). Contrasts between individuals from Lake Woodruff that were treated with either vehicle or E 2 were significant for AMH (F 2,16 = 4.29, P = 0.019), ESR2 (F 2,18 = 5.23, P = 0.013), AHR1A (F 2,18 = 3.622, P = 0.039), AHR1B (F 2,18 = 6.181, P = 0.004), and AHR2 (F 2,19 = 7.709, P = 0.001). Surprisingly, DHT-exposed animals did not differ significantly in gene expression from the vehicletreated reference group. These data suggest that the persistent differences in ovarian gene expression observed in alligators from Lake Apopka and Lake Woodruff are likely due to developmental estrogen signaling.
FSH-responsive gene expression in the juvenile alligator ovary
We next sought to identify genes for which ovarian expression is responsive to exogenous FSH challenge. We compared expression patterns in FSH-challenged and vehicle-treated Woodruff control animals ( Figure 3 ). As expected, significant upregulation in expression in response to FSH challenge was observed for CYP19A1 (t 13 = 6.191, P < 0.0001), FST (t 13 = 2.621, P = 0.0212), and FSHR (t 13 = 3.408, P = 0.0047), all of which have been previously reported to respond to FSH signals in the alligator [24, 27] . Similarly, expression of ESR2 (t 13 = 2.589, P = 0.0225), AHR1B (t 11 = 3.71, P = 0.0034), and AHR2 (t 13 = 3.71, P = 0.0231) also responded to FSH; however, expression of these genes decreased in response to FSH treatment, implicating a role for FSH in downregulating these genes. Transcriptional responses were not detected for AHR1A, GR, AMH, PR, ESR1, or AR. Collectively, elevation of the canonical FSH responsive genes CYP19A1, FST, and FSHR validated the functionality of the FSH-challenge model.
Effects of precocious endocrine cues on juvenile FSH response
Next, we sought to investigate how precocious endocrine cues might alter the functional ovarian response to FSH later in life, as Apopka animals raised under laboratory settings have been previously shown to exhibit abated responsiveness to FSH. Specifically, we anticipated that alligators from Lake Apopka would show suppressed responsiveness in CYP19A1, FST, and FSHR expression, and hypothesized that animals from Lake Woodruff exposed developmentally to E 2 would mirror these effects. To address this, we compared gene induction ratios of challenged to unchallenged expression for individual exposure groups. Unexpectedly, we were not able to detect a site-of-origin effect in induction ratios for CYP19A1, FST, or FSHR ( Figure 4 ). Further, developmental steroid hormone exposure did not appear to impact induction ratios of these genes, indicating that estrogenic signaling in the developing ovary does not influence responsiveness of these genes within the limitations of our experimental design. However, a site-of-origin effect was detected in the induction of ESR1 (t 26 = 2.151, P = 0.041), wherein animals originating from Lake Apopka appeared to display heightened responsiveness relative to those from Lake Woodruff ( Figure 4A ). Interestingly, estradiol exposure in Woodruff animals recapitulated this effect for ESR1, as exposed animals responded positively to FSH, whereas controls were nonresponsive (F 2,32 = 6.508, P = 0.002; Figure 4A ). Furthermore, whereas FSH treatment significantly suppressed AHR1B expression in alligators from Lake Woodruff, expression appeared elevated in response to FSH treatment in Apopka animals (t 20 = 3.191, P = 0.004; Figure 4B ). However, whereas treatment of Woodruff embryos with E 2 appeared to switch the directionality of AHR1B transcriptional response, similar to the pattern observed in Apopka alligators, this effect was not statistically significant (F 2,29 = 2.179, P = 0.085). These data suggest that FSH responsiveness is associated with environmental quality and embryonic estrogen signaling. However, aside from ESR1, a clear and robust recapitulation of Apopka profiles was not observed in E 2 -exposed Woodruff juveniles, indicating that the causal factors and interactions underlying variability in FSH-mediated transcriptional responses are likely more complex than our experimental design was able to resolve.
Mechanisms of ER-mediated transcriptional repression
The persistent changes in basal expression of ESR2, AMH, and the AHRs following precocious embryonic E 2 exposure raised questions as to the developmental mechanisms underlying these observations. To this end, we collected alligator embryos from Lake Woodruff and exposed them at stage 19 to one of three doses of estrogen receptor-selective agonists: PPT, an ESR1-selective agonist; WAY, an ESR2-selective agonist; or E 2 , a nonselective agonist [46] ( Figure 5A ). The selective nature of these compounds was previously demonstrated for alligator ESR1 and ESR2 in receptor activation assays, and additional studies incorporating in ovo treatment with PPT and WAY have shown that sex reversal of embryos incubated 
, and (L) GR. Brackets denote treatment groups that differ significantly from vehicle-exposed reference animals and asterisks denote P-value magnitude ( * * * * P ≤ 0.0001; * * * P ≤ 0.001; * * P ≤ 0.01; * P ≤ 0.05). Points represent individual animals, whereas bars indicate group means ± SD.
at MPT and treated with E 2 is mediated by ESR1 [46] . Because ESR1 appears to mediate the influence of E 2 on sex determination, we sought to test whether the intrasexual variation observed in response to embryonic E 2 treatment may also be due to ESR1 activation, or whether ESR2 mediates this effect of estrogen treatment. In late-stage embryos (stage 27), we observed a consistent effect of PPT in suppressing the expression of AHR1A (F 9,89 = 2.191, P = 0.029) and AMH (F 9,89 = 5.578, P < 0.001) relative to controls that was not observed at any dose of the ESR2 agonist WAY ( Figure 5 ). Expression of AHR1A ( Figure 5B ) was significantly reduced in both the high (5 μg/g; P = 0.001) and medium dose groups (0.5 μg/g; P = 0.041) relative to controls, whereas AMH was suppressed in the high dose group alone ( Figure 5E ; P = 0.002). Collectively, changes in the expression of AMH and AHR1A in embryos suggest an ESR1-mediated mechanism underlying persistent transcriptional changes in juveniles. Yet, it remains to be elucidated why the same effect of E 2 Induction ratios (expression levels in FSH-treated animals/ expression levels in vehicle-treated animals; FSH/VEH) of targeted ovarian genes with 95% CI are reported in vehicle-exposed reference animals from Lake Woodruff. An induction ratio of 1, indicated by the dotted line, denotes no effect of FSH challenge. Asterisks above bars denote significantly responsive genes and P-value magnitude ( * * * * P ≤ 0.0001; * * * P ≤ 0.001; * * P ≤ 0.01; * P ≤ 0.05).
observed in juveniles is not similarly observed in embryos, and why suppressive effects of either PPT or E 2 were not detected for AHR1B, AHR2, and ESR2. These observations collectively suggest that the effects of precocious endocrine signaling may vary at particular life stages and only become realized once the ovary develops to a more mature state.
Discussion
Estrogens serve a critical role in ovarian differentiation, development, and function in vertebrates. Estrogenic contaminants have the potential to induce ectopic estrogen receptor-regulated gene expression at inappropriate developmental stages, and EDCs have been widely documented to disrupt ovarian development and function in a diverse array of vertebrate taxa [67] [68] [69] [70] . Alligators exposed to high levels of estrogenic OCPs during development exhibit a broad array of reproductive abnormalities that span gross morphological abnormalities [18, 19, 21] , disrupted steroidogenesis [18, 20] , and persistent alterations in expression of ovarian genes [24] [25] [26] [27] 71] . These observations implicate a role for estrogen signaling during development in shaping patterns of gene expression in the adult gonad and highlight a novel means by which the embryonic environment may influence intrasexual variation in reproductive function. In the present study, we showed that developmental exposure to estradiol can recapitulate persistent alterations in ovarian gene expression that are observed in natural populations of alligators exposed to high levels of estrogenic contaminants, and that this effect is likely to at least in part be mediated through ESR1. This effect was observed in the altered expression of four nuclear receptors, ESR2 and three AHR isoforms, as well as the peptide hormone, AMH.
Whereas experiments addressing the functional significance of our observations on both the reproductive abnormalities observed in Lake Apopka alligators and on basic ovarian function are challenging in the alligator, ample evidence from laboratory models suggests that alterations in the transcription of these genes impart substantial consequences on ovarian function. Of the two estrogen receptor isoforms expressed in vertebrate taxa, ESR2 is expressed predominantly in follicular granulosa cells [72, 73] , and studies using ESR2-depleted mammalian models have revealed that loss of this receptor is associated with reduced fecundity, retarded follicular development, fewer corpora lutea, and suppressed responsiveness to gonadotropins [74] . Because dysregulated gonadotropin responsiveness has been previously observed in alligators at Lake Apopka, the suppressed ESR2 expression reported in the present study and in previous studies [26] could plausibly explain this gonadotropin dysregulation in alligators at Lake Apopka. Similarly, disrupted AMH expression would be expected to impact ovarian function. During gonadal development in the alligator, administration of exogenous E 2 is sufficient to downregulate AMH expression in neonates incubated at MPT, an effect which co-occurs with male-to-female sex reversal [75, 76] . However, within the context of typical ovarian development, the implications of estrogen signaling on AMH are not well understood, and little is known regarding the persistent transcriptional regulatory effects of estrogens on AMH expression. Limited evidence in female rodents exposed perinatally to exogenous estrogens has demonstrated persistent upregulation of AMH expression in adulthood [35, 77] , but a suppressive role for estrogen signaling has not been similarly described. In contrast to direct transcriptional regulation, it is possible that precocious estrogen activation alters follicle dynamics, which in turn modulate AMH levels in the ovary.
Perhaps the most striking finding from the current study is that all three AHRs were expressed at lower levels in ovaries from Lake Apopka alligators, and that this pattern was recapitulated in reference animals through embryonic treatment with E 2 . Similar to ESR2 and AMH, the AHRs are critical for ovarian function and PPT, an ESR1-selective agonist; or WAY, an ESR2-selective agonist. Brackets denote significant differences relative to controls and asterisks denote P-value magnitude ( * * * * P ≤ 0.0001; * * * P ≤ 0.001; * * P ≤ 0.01; * P ≤ 0.05).
reproduction, as loss of their expression results in subfertility and reduced ovulation, as well as suppressed CYP19A1 expression and E 2 biosynthesis upon gonadotropin stimulation [78, 79] . In addition, the AHR and estrogen receptor engage in a high degree of regulatory cross-talk, wherein each is capable of both attenuating and amplifying the other's transactivational potential [80] . This suggests that our observations of altered AHR expression in Lake Apopka alligators might contribute to altered regulation of estrogen signaling in the ovary, and could further explain the abated CYP19A1 responsiveness reported in previous studies. However, this latter explanation is contradicted by the relatively robust CYP19A1 responsiveness observed in the present study, necessitating further investigation to elucidate the functional consequences of suppressed AHR expression. Despite this, the AHR pathway contributes to normal ovarian function, as well as mediating responses to xenobiotic EDCs, including the nearly ubiquitous polychlorinated biphenyls and dioxins. Altered expression of these receptors could therefore be expected to result in substantial changes to ovarian responses to these contaminants. Furthermore, whereas some limited evidence suggests that estrogen signaling can alter AHR expression in vitro [81] and in extra-gonadal tissues [82, 83] , a long-term regulatory influence of estrogens has not been demonstrated in the ovary for any species. The suppressed expression of AHR1A and AMH in stage 27 alligator embryos following exposure to PPT suggests that altered transcription in the juvenile ovary is likely mediated in part by actions of ESR1. The underlying mechanisms by which developmental estrogen signaling and ESR1 activation might transmit changes incurred during development to transcription at juvenile or adult stages is particularly interesting. Developmental activation of the estrogen receptor could induce a persistent, stable change in epigenetic patterning and the chromatin accessibility of affected genes (e.g. ligand-bound ESR1 recruits DNA methylation machinery to the AHR1A promoter, leading to stable promoter hypermethylation and persistent suppression). This hypothesis is supported by a growing body of evidence implicating epigenetic modifications as a means to stably control gene transcription in the gonad [68] . In many species with temperature-dependent sex determination, including the alligator, sexually dimorphic promoter methylation regulates expression of male-and female-promoting factors, including DMRT1, SOX9, and CYP19A1 [55, [85] [86] [87] . These sexually dimorphic patterns are established during development in response to incubation temperature, and appear to be plastic during sex determination [86, 87] . However, DNA methylation patterning can be altered by EDCs [88, 89] , implicating a native role for the endocrine system in establishing the epigenome that can be co-opted or otherwise disrupted by endocrineactive contaminants. This epigenetic disruptive potential has been demonstrated in rats exposed perinatally to the environmental estrogen methoxychlor. Exposed rats exhibited hypermethylation of the ESR2 promoter and suppressed receptor expression in the ovary, along with a suite of reproductive abnormalities in adulthood that mirror ESR2-depleted models [50, 69] . Similarly, perinatal exposure to bisphenol A, an estrogenic chemical present in plastics, has been demonstrated to elicit persistent downregulation of estrogen receptor expression in the rat testis, concomitant with promoter hypermethylation [90] . Furthermore, estrogen signaling has been implicated in the regulation of histone modifiers [91] [92] [93] , including recent evidence in a TSD turtle species, Trachemys scripta, wherein estrogen suppresses expression of Kdm6b, a histone demethylase associated with activation of the crucial male-promoting gene Dmrt1 during sex determination [93] . Collectively, these observations suggest that estrogens regulate epigenetic patterning during development, and that estrogenic EDCs might induce changes to this patterning that impart functional consequences for adult reproductive function in both sexes.
Given the contaminants present at Lake Apopka and their modes of action, we set out to explicitly address the effects of precocious estrogen signaling in the alligator ovary. Despite this focus, it is intriguing that we failed to observe clear effects of exposure to a nonaromatizable androgen, DHT. Evidence in mammals suggests that androgen excess during development can induce persistent organizational shifts in the ovary, and associated pathologies include altered steroidogenesis and polycystic ovarian syndrome in humans and laboratory models [94, 95] . Persistent dysregulation of transcription following AR activation has been poorly studied in nonmammalian systems; however, in the chicken, AR is expressed at high levels in the early ovary [96] and its loss is associated with disrupted gonadal development [97] . These observations are consistent with a role for disrupted androgen signaling in shaping the functional trajectory of the ovary. Similarly, exposure to 17-α methyltestosterone, another nonaromatizable androgen, can induce formation of testis-like characteristics in alligator embryos incubated at FPT [98] , further suggesting a key role for androgens in gonadal differentiation in reptiles and birds. However, the consequences of precocious AR activation have not been well described in either of these systems. The lack of any overt effects of DHT in the current study suggests that the AR does not participate in early development of the gonad, but more research is necessary to support this observation.
It is likely that the implications of exposure to EDCs in the alligator covaries with the timing of exposure, as has been suggested in human reproductive disorders [67] . This raises the possibility that topical applications of E 2 and DHT in the current study do not completely recapitulate exposure dynamics to maternally derived contaminants in yolk at AP. In light of this, our observations resolve some degree of variation in reproductive outcomes by linking contaminant-driven estrogen signaling to a steroidogenically precocious window in gonadal development. In conclusion, observed changes in expression of ESR2, AHR1A, AHR1B, AHR2, and AMH indicate that the nature of the embryonic environment is intimately linked to gonadal function later in life and that exposure to exogenous estrogens at particular developmental windows can induce persistent changes in critical transcriptional programs. Although additional research is necessary to assess the functional consequences of these changes, the implications of these findings are potentially broad and stand to inform our understanding of the developmental origins of adult reproductive disease in wildlife and humans alike. Furthermore, these observations expand the putative functions for estrogen signaling in the developing ovary to include the establishment of patterns of gene expression and regulation.
